Abstract: Ultrasonic machining has been used over a decade to enhance the surface finishing and overall processing characteristics of conventional technologies. The benefits that are usually associated to this approach generate an increasing interest in both academic and industrial fields, especially in the turning operation due to its simple application. In this study, ultrasonic assisted turning is used to study the effect of intermittent tool contact on the surface quality of cast and wrought aluminium alloys. The resulting surface roughness and topography plots were evaluated through a three-dimensional (3D) optical profilometer. Additionally, stereo microscopy and detailed by scanning electron microscopy analyzed chip shape and morphology. The experimental results show that the appropriate use of an ultrasonic intermittent tool can improve the superficial quality up to 82% and reduce the maximum peak height by 59 % for a 0.045 mm/rev feed rate. When the feed rate is increased to 0.18 mm/rev, the surface roughness may be enhanced by 60% and the maximum peak height reduced by 76%. Furthermore, due to the introduction of a distinct cutting mechanism, the traditional chip shape is modified when the ultrasonic tool excitation is applied. A model is suggested to explain the chip growth and the fracture behaviour.
Introduction
Ultrasonic technology, as a way of assisting manufacturing processes, has been used for over a decade [1] . The first implementation, denominated ultrasonic machining (USM), worked on a similar basis to abrasive water-jet machining. The abrasive slurry was fed to one end of the ultrasonic tool [2] and, through displacement amplifications using a sonotrode, the tool would machine profiles while the flowing fluid cleans any particles that are released from the operation [3] .
The applicability of this technology has expanded to other processes due to the current evolution of this technique (e.g. turning, milling, drilling, forming, and others [4] [5] [6] [7] [8] ). Overall, ultrasonic assisted machining (UAM) can be characterized as the superimposition of ultrasonic vibration onto a conventional tool that is used in machining processes [9] . Additionally, the motion is directly applied to the cutting tip or workpiece [10] [11] [12] .
In UAM technologies, particularly in the case of turning, the cutting process becomes an intermittent procedure that separates the tool insert from the workpiece through micro-scaled highfrequency vibration. This, in turn, helps to dissipate the heat generated in the cutting process. When compared to conventional turning, UAT generates a more stable process, resulting in lower reaction loads, tool wear, and an enhanced surface finish of the workpiece [13, 14] .
An inconvenient restriction in surface finishing, as a consequence of equipment vibration, characterizes the conventional turning (CT) cutting process. This also has negative effects on the accuracy of cutting, disturbs the workpiece finishing, decreases the metal cutting rate, and reduces tool lifetime. Soleimanimehr et al. [15] reported that UAT reduced 35% of the diametrical error in the workpiece. When the appropriate frequency is used, the users can benefit from the use of UAT [16] , especially in terms of surface quality [17] and tool wear reduction [18, 19] . Additionally, ultrasonic assisted turning (UAT) is particularly useful when the material properties (e.g. ductility, high tensile strength, micro-hardness, grain orientation, etc.) may change the overall machinability [20] .
The current study presents an approach of applying ultrasonic vibration during the turning of Al alloys, thus, generating the UAT process. The particular innovation of this process is the implementation of a resonant frequency tracking system that allows for a direct adaptation to stiffness changes in the system. Thus, the cutting process remains in optimized resonant conditions and prevents the operation in non-resonant states.
This work studies the influence of feed rate in the overall surface quality and roughness when the conventional tool is excited in the described conditions. Additionally, the influence of material properties, such as yield strength, toughness, and overall deformation mechanisms, are correlated with the overall chip formation mechanism that UAT promotes.
Materials and Methods

Experimental Description
The turning experiments ( Figure 1a ) were performed in dry condition while using a conventional lathe (EFI DU25, EFI, Trofa, Portugal). The Al alloy workpieces are given an anticlockwise rotation, while the tool vibration with UAT is aligned with the cutting direction ( Figure  1b) . The lower side of the insert is used as the active cutting edge, which safely projects the resulting chip away from the user. Figure 1a 
Specification of the Machining Process
The tool insert was selected for the finishing and roughing operations at medium depths of cut and feed rates. The interrupted cuts at high metal removal rates and the type of material (Al alloys) were also considered in the insert selection. A Micrograin Cemented Carbide CVD-coated insert (reference CCMT120408PM, Sandvik, Stockholm, Sweden), with a 0.8 mm radius and 80° nose angle, was selected to perform the turning experiments.
According to Figure 1a , the tool insert (1) is directly attached to the horn (3) through a bolt, which, in turn, is fixed to the transducer (4). The piezoelectric transducer (electrical power up to 3000 W in continuous current) is powered by an ultrasonic generator that is based on the MMM (MultiMode,-Frequency,-Modulated) Technology. This component can produce high efficiency active power in wide-band sonic and ultrasonic vibrations. The ultrasonic generator supplies the required frequency in the range of 19-21 KHz, which generates an average amplitude of 20 μm for the present configuration. The ultrasonic equipment is clamped in the booster nodal point and is bolted to an aluminium structure, which is itself fixed to the lathe (Figure 1a) . Thus, all the movements of turning can be obtained with the same precision as that achieved by the base conventional lathe composition of equipment.
For comparison purposes, distinct Al alloys were selected to determine the behaviour of UAT under different grain morphology, hardness, yield strength, and toughness (i.e. ability to maintain plastic deformation in the chip). These properties were analysed to determine their impact in the overall surface roughness of UAT and conventional cutting processes. As such, as-cast Al7Si0.3Mg (7.44% Si, 0.3% Mg, 0.13% Fe, 0.11% Ti, 0.07% Cu, 0.07% Mn, 0.05% Zn, 0.12% Res., Balance Al) and wrought AA7050 (5.74% Zn, 2.11% Cu, 1.98% Mg, 0.12% Fe, 0.09% Zr, 0.05% Si, 0.04% Mn, 0.06% Res., Balance Al) alloys were the workpiece materials used. In addition to these individual materials, the work was carried out under different values of machining feed rates, as seen in Table 1 . The conventional cut is performed with the same set-up, only without ultrasonic vibration. The first 20 mm length of each sample are machined through conventional turning process, leaving the remaining 20 mm to be cut by the UAT that is superimposed in the tool, as shown in Figure 1b . The selected parameters and their values were defined by the experience of the authors and selected as the most suitable for performing this study. The referred methodology was performed in three distinct samples for each tested material, feed rate, and tool-excitation combination (a total of 32 samples). To avoid any inherent uncertainty issues, half of the samples were machined with a UAT-CT order, while the other half were machined with a CT-UAT order (i.e. the process was inverted). A new insert was used for every test to eliminate any wear related uncertainty.
Post-experimental Surface Characterization
Posteriorly to the turning process, analysis was carried out using a three-dimensional (3D) optical profilometer (S-neox, Sensofar, Barcelona, Spain). The vertical scanning interferometry (VSI) mode characterized the machined surfaces for the CT and UAT samples on both alloys. This allows a nanometer resolution in the vertical axis. The magnification (DI, 10x) enables the measuring of 1.75 mm × 1.32 mm (1360 × 1024 pixels) areas with a lateral resolution of about 0.7 μm for white light. Concerning the evaluation of surface quality, an arithmetic average was used as the common ground between samples, which is expressed through the surface roughness (Ra) value from the Equation (1). As defined in ISO 4287, l is the sample's tested length and Z is the height of the profile at a determined coordinate (x). These values were monitored in a 1.75 mm straight line parallel to the sample turning axis using the 3D optical profilometer results, where three different observation fields were analyzed in each machined samples. The Maximum Peak Height of Profile (Rz) was also determined while using the same data.
The morphology of the resulting chip formed during machining process was observed under a stereo microscope that was coupled to an image acquisition system (EZ4 HD, Leica, Wetzlar, Germany). A detailed characterization of their surfaces was performed using a scanning electron microscope (SEM-S 4100 Hitachi, Tokyo, Japan).
Sample Casting and Testing
The Al7Si0.3Mg alloy was melted inside a crucible, where it was held on an isothermal state (720 ± 5 °C, 15 min) for homogenization. The Al5Ti1B (0.2%mass [21] ) and Al10Sr (0.3%mass [22] ) master alloys were added to the melt to promote a chemical grain refinement and modification of eutectic Si. The isothermal state was kept for another 5 min to allow for a full dissolving of the master alloys, after which ultrasound degassed the melt [23] to release entrapped hydrogen. This also prevents the sedimentation of the refining particles [24, 25] . Posteriorly, the melt was allowed to cool down (700°C) and poured into pre-heated (250 ± 2 °C) cylindrical (Ø30 ± 0.5 × 70 mm) steel molds. The wrought AA7050 alloy was obtained by a commercial rod (Ø30 h7), where a 70 mm length section was cut to obtain the final shape for the required turning experiment.
The tensile specimens were manufactured from the casted and wrought cylinders according ISO 6892. Five specimens for each alloy were tested on an INSTRON 8874 universal testing equipment (Instron, Norwood, Massachusetts, USA) on displacement control (0.1 mm/s). The instant values of load and displacement were recorded using a load cell and strain gauge, being posteriorly converted to a stress-strain plot.
Results and Discussion
Figures 2 and 3 show the average surface roughness and maximum peak height of the CT and UAT samples. Overall, the experimental results suggest a reduction of 55%-82% in terms of surface roughness (Ra) when applying UAT. It may be also observed that there is a 59%-76% reduction in Maximum Peak Height (Rz). During the UAT cutting process, the resonance frequency that is driven by the generator was 20.470 ± 0.005 kHz and 20.205 ± 0.005 kHz, respectively, for the feed rates of 0.18 mm/rev and 0.045 mm/rev. As can be seen, during the ultrasonic assisted machining, the variation in feed rate promoted a shift in the resonant frequency value. Indeed, with the increasing of external loading as well as due to some incoherence on the base matrix, the resonant frequency of system varied by 265 Hz when the feed rate was increased from 0.045 mm/rev to 0.18 mm/rev.
In fact, as stated by various authors [10, 20] , a vibration cutting device can report different cutting behaviour when subjected to distinct conditions. Moreover, according to the same authors, the feed rate is suggested as the most influential parameter on surface quality. Gao and Sharma [26] [27] [28] showed that the depth of cut seems to have less effect on the surface roughness relative to the feed rate; however, it has been reported to generate higher cutting loads. Given the influence of the latter in the stiffness of the overall system, the depth of cut was kept constant to prevent the ultrasonic equipment to operate on non-resonant states. However, there may be still small stiffness changes in the system during the cutting process, which slightly change the system resonant frequency (~20 kHz), as stated by other published studies [29] [30] [31] . To correct this resonance shifting, a real-time a Phase Locked Loop (PLL) resonant frequency tracking system was implemented on the MMM generator (as patented by M. Prokic [32] ).
According to the results that are presented in Figures 2 and 3 , it is clear that the base material has influence on the quality of machined surface. For the same operations conditions, the average of surface roughness (Ra) and maximum peak height (Rz) for the Al7Si0.3Mg cast alloy are higher than those that were evaluated for case of the AA7050 alloy. The quality of surfaces machined by UAT suggest a better homogeneity and repeatability (i.e. lower standard deviation values in Figures 2 and  3 ) when compared to conventional machining. Additionally, the introduction of ultrasonic toolvibration may be useful in industrial applications in distinct approaches: (i) maintaining feed rate to obtain machined parts with enhanced surface quality; and, (ii) increase feed rate, while trying to maintain surface quality, to reduce the machining times.
The roughness mitigation and enhanced surface quality in UAT is more evident when a lower feed rate (fa = 0.045 mm/rev) is applied. To better understand the effect of the workpiece material, the resulting geometry was observed and studied using a 3D surface perfilometer. Figure 4 shows the topography of sample, as presented in Figures 2a and 3a . It may be observed that, while the rough cutting is evidently shown in the traditional process, there are almost no periodic peaks that can be traced upon using the ultrasonic vibration. These observations on surface plots are in accordance with other authors [33] . The AA7050 samples in Figure 4b show a consistent tool path, particularly for the UAT, which resulted in the most homogenous texture of all the samples. In contrast, the conventional turning Al7Si0.3Mg samples displays damaged topography. The tool trajectory can be easily detected on the workpiece surface through the ridges that formed from its plastic deformation [34] . Although, such a detrimental effect is not seen when UAT is applied. This observation is in accordance with the different standard the deviation values for UAT that are presented in Figures 2a and 3a , suggesting a close relationship between the material deformation properties and the UAT performance. Figure 5 displays the average stress-strain curves from the tensile tests. It is shown that the alloys display a distinct behaviour, allowing for the study of contrasting deformation mechanisms. However, given that they are both Al alloys, they are able to reduce other machining variables that could influence the results (e.g. friction coefficient, thermal conductivity and expansion, etc.). It may be observed that the Al7Si0.3Mg alloy displays a relatively prominent plastic domain. This fact is supported by its higher toughness (T = 1.21 MJ/m 3 ) when compared to the AA7050 alloy (T = 0.77 MJ/m 3 ). Additionally, the AA7050 alloy displays fragile behaviour, being observed in the failure without localized necking and by the yield strength (σy) values being very close to its tensile strength (σUTS). Overall, the contrasting deformation mechanisms between the tested alloys generate different cutting and chip forming mechanisms for both the CT and UAT conditions. Chips were collected and analysed for a better understanding of the UAT cutting mechanism, ( Figure 6 ) and these results were correlated with the properties that are displayed in Figure 5 . According to the results, Figure 7 illustrates the cutting mechanism and the chip morphology that are based on the material and turning processes. The chips from the same process share the similar traits. As depicted in Figure 6b ,d, chips from traditional turning present themselves as slightly longer and thicker, followed with small side burr. As shown in Figure 7b , Al7Si0.3Mg produced semi-continuous chips, whereas AA7050 in Figure 6d generated a segmented non-homogenous chip. The latter distinguishes from other samples through its smaller radius curls and taller sawteeth. The UAT process, as exemplified in Figure 7a ,c, shows larger chip curl radius. However, signs of violent tear taking place in its side burrs are found in Figure  6a ,c, where Nath and Rahman made similar observations [35] . Analogous to the conventional turning, AA7050 chips that were produced by UAT are shorter in length. As shown in Figure 6c ,d, the side burrs of the commercial alloy are more evenly distributed when compared to the casted specimen. The fact that the Al7Si0.3Mg alloy is more ductile than the AA7050 alloy allows for a more plastic deformation to be supported before the overall chip separation in the cast alloy. On the other hand, the wrought alloy is separated from the workpiece before severe material flow occurs.
When considering the nature of the cutting mechanism of UAT, violent rupture is to be expected as a result of its imposed vibration. Nevertheless, this does not contribute to worse results when compared with CT, as previously seen from the results in Figures 2 and 3 . On traditional turning, the lamellar segregation is determined by the workpiece mechanical properties, especially the presence of plastic deformation. According to the magnifications in Figure 6 , this is supported by the plastic deformation and toughness of the Al7Si0.3Mg cast alloy. However, with ultrasonic vibration, chip morphology implies that the tool's motion heavily influences its formation, which is in accordance to other published studies [36, 37] .
As seen from the topography in Figure 4 and the standard deviation in Figures 2 and 3 , the casted alloy offers relative poor machinability when compared with the wrought alloy while using the same process. This may be correlated with the tensile test results in Figure 5 . It is shown that the latter chip formation is possible when there is an effective plastic domain (as-cast Al7Si0.3Mg), and absent where the alloy presents a fragile behaviour (wrought AA7050). This fact may be highlighted by the determined toughness values, in which the low toughness that characterizes the AA7050 alloy does not allow the referred chip forming effect. To better evaluate the surface of the chips, the SEM images from both cutting methods and alloys are analysed, as seen in Figure 8 . Despite the casted chip share similar curvature shown in Figure 8a ,b, they differ in the texture that originated from the tool-chip contact. While conventional turning shows signs of friction and adhesion in the secondary deformation zone, UAT surface is differentiated by its roughness consistency and orientation. The extruded alloy (AA7075) that was subjected to UAT is characterized by the scaled pattern shown in Figure 8c . Such a feature can attributed to the intermittent contact of the process and lower toughness ( Figure 5 ). This combination results in the generation of small superficial cracks in secondary deformation area until the chip fractures. In contrast, chips from the same alloy that are machined by CT (Figure 8d ) have a partially smoother surface. It is proposed that a lower tool-chip contact area induced by the curvature of these chips favoured these unaffected sections.
Conclusions
In the present study, an experimental approach was employed to compare conventional (CT) and ultrasonic assisted turning (UAT). Overall, the quantification of surface roughness and the resultant chips analyse the benefit of introducing an ultrasonic excitation on the tool to machine Al alloys.
The experimental results showed that the application and ideal use of the ultrasonic elements and the surface quality of machining samples are improved up to 56% and are characterized by uniformly distributed topography. It is shown that this benefit is more noticeable in materials with lower plasticity, especially when the feed rate is increased. This may be justified by the production of a shorter chip and the presence of a uniform deformed morphology.
UAT is shown to be beneficial in terms of surface quality when considering the manufacturing differences between the casted and commercial extruded alloys. The adopted method is presented as an accessible approach to obtain surface quality when machining Al alloys while considering the conditions in which they were tested and the obtained results. 
